s The involvement of the medial temporal-lobe region in allocentric mapping of the environment has been observed in human lesion and functional imaging work. Cognitive models of environmental learning ascribe a key role to salient landmarks in representing large-scale space. In the present experiments we examined the neural substrates of the topographical memory acquisition process when environmental landmarks were more speciªcally identiªable. Using positron emission tomography (PET), we measured regional cerebral blood ºow changes while normal subjects explored and learned in a virtual reality environment. One experiment involved an environment containing salient objects and textures that could be used to discriminate different rooms. Another experiment involved a plain empty environment in which rooms were distinguishable only by their shape. Learning in both cases activated a network of bilateral occipital, medial parietal, and occipitotemporal regions. The presence of salient objects and textures in an environment additionally resulted in increased activity in the right parahippocampal gyrus. This region was not activated during exploration of the empty environment. These ªndings suggest that encoding of salient objects into a representation of large-scale space is a critical factor in instigating parahippocampal involvement in topographical memory formation in humans and accords with previous studies implicating parahippocampal areas in the encoding of object location.
INTRODUCTION
Study of the nonhuman medial temporal lobe suggest it has a signiªcant role in processing spatial information that is independent of the location or orientation of a navigating animal (i.e., processing spatial information in an allocentric frame of reference). The hippocampus has been proposed to maintain a cognitive map of the spatial layout of learned environments (O'Keefe & Nadel, 1978) , and complex spike cells within the rat hippocampus have been found to exhibit spatially localized ªring (O'Keefe & Dostrovsky, 1971) . In nonhuman primates the activity of hippocampal neurons has also been related to spatial processing (Feigenbaum & Rolls, 1991; Rolls, Cahusac, Feigenbaum, & Miyashita, 1993) , with O'Mara, Rolls, Berthoz, & Kesner (1994) and Rolls, Robertson, & Georges-François (1995) recently reporting such activity during whole-body motion in both restrained and freely moving monkeys. Removal of the hippocampus in monkeys also results in deªcits on spatial delayed response with delays of 30 sec or more (Zola-Morgan & Squire, 1985) and with spatial delayed response involving the memory for two positions (An-geli, Murray, & Mishkin, 1993; Parkinson, Murray, & Mishkin, 1988) .
In humans, lesions of the medial temporal lobe, particularly on the right, are reported to impair memory for the spatial location of objects (Pigott & Milner, 1993; Smith & Milner, 1981 . Interestingly, Feigenbaum, Polkey, and Morris (1996) , using a computerized golf task with temporal lobectomy patients, found both left and right temporal lesions resulted in impairment in spatial memory. Goldstein, Canavan, and Polkey (1989) found left and right temporal lobectomy patients were able to perform a design recall task devised to assess egocentric strategies, but patient groups scored lower than controls on the nonegocentric tasks. However, human spatial memory studies, and indeed most monkey work, examines spatial processing within an egocentric (i.e., relative to the body) frame of reference. The real world, in contrast, comprises environments where all points in space cannot be perceived directly in one ªeld of view, requiring humans to form allocentric cognitive representations of spatial layouts. Maguire, Burke, Phillips, and Staunton (1996) directly examined topographical memory, or spatial memory in a real-world context, by showing temporal lobectomy patients ªrst-person perspective ªlm footage of navigation through an urban area and examining learning and memory along a range of parameters. Deªcits in topographical memory were identiªed in patients with unilateral medial temporal-lobe lesions on both the left and the right, where general neurological and neuropsychological functioning was intact. These ªndings correspond to previously reported cases of topographic difªculties after damage encompassing the parahippocampal region (Habib & Sirigu, 1987) and similar impairments in cases with bilateral and unilateral lesions involving the temporal lobe (De Renzi, 1985; Landis, Cummings, Benson, & Palmer, 1986) .
Recent functional imaging work has attempted to provide further insights into the precise neural substrates of spatial memory in humans. Owen, Milner, Petrides, and Evans (1995) , using positron emission tomography (PET), found activation of the caudal region of the right medial temporal region associated with the encoding of object locations from an array on a computer screen but not with the encoding of location alone. Recall of object location was associated with activation of the right parahippocampal gyrus. Moscovitch, Kapur, Kohler, & Houle (1995) , in contrast, found activation of the supramarginal gyrus to be associated with the recall of object location. However, in the latter case there were only three object locations per trial, whereas the Owen study had eight per trial. Thus differences in memory load and/or spatial array complexity may be the basis of these different activations. Neither the Owen nor Moscovitch studies capture the allocentric frame of reference that is the basis of topographic representations of large-scale space. Given the restrictive environment of brain scanners, examining topographical memory, or way-ªnding, necessitates the use of novel stimuli. Maguire, Frackowiak, and Frith (1996) used PET to measure regional cerebral blood ºow (rCBF) while normal subjects memorized ªlm footage depicting either navigation in an urban area, or nonnavigation events in a similar environment. Only the viewing of the navigation ªlm footage resulted in focal and signiªcantly increased activation of the parahippocampal cortex and hippocampus on the right and the parahippocampal cortex on the left. Aguirre, Detre, Alsop, and D'Esposito (1996) report similar parahippocampus activations with a computerized topographical learning task using functional magnetic resonance imaging (fMRI). It would seem, therefore, from human lesion and functional imaging work that the parahippocampal gyrus bilaterally is critical for topographical memory formation, whereas the functional signiªcance of the human hippocampus proper is currently less-well speciªed.
In the present PET study, we used computer-simulated ªrst-person virtual reality environments to simulate navigation in large-scale space. Elements of these environments were manipulated in order to examine more precisely the neural correlates of topographical memory acquisition. This approach has the added advantage of affording more naturalistic self-directed exploration on the part of subjects. In the ªrst experiment the virtual environment included speciªc objects as well as varied textures and colors. In the monkey, two distinct and functionally specialized cortical pathways have been identiªed for object processing, an occipito-temporal pathway for the recognition of objects and an occipitoparietal pathway for processing spatial relations among objects (Mishkin, Ungerleider, & Macko, 1983) . In PET studies there has been some support for homologous processing pathways in humans (Haxby et al., 1991; Martin, Wiggs, Ungerleider, & Haxby, 1995; Price, Moore, Humphreys, Frackowiak, & Friston, 1996) . However, object recognition studies generally examine objects located in egocentric space. In particular, this does not adequately capture the spatial essence of objects in large-scale space that must be located in an allocentric frame of reference. The neural correlates of object encoding in the context of topographical memory formation remain unspeciªed. Based on previous studies, we predicted that encoding of the environment with objects would activate areas known to be involved in object identiªcation (Haxby et al., 1991; Sergent, Ohta, & MacDonald, 1992) , and the topographical memory encoding would activate the medial temporal region in line with Maguire, Frackowiak, et al. (1996) and Aguirre et al. (1996) .
All previous topographical memory studies have used environments that had objects present. In a second experiment in this study the layout of the virtual environment, while broadly similar to that in the ªrst experiment, was effectively free of salient objects and textures. Differences in the shape of rooms were the only distinguishing features that enabled subjects to encode meaningful environmental information. The purpose of using this environment was to extend the investigation of the topographical memory acquisition process beyond previous studies by examining its neural substrates where environmental inputs were more speciªcally identiªable. This is the ªrst instance in functional imaging where topographical learning based only on geometric information has been examined. Given the Owen et al. (1995) ªnding of activation in the right caudal medial temporal region associated with object location on a computer screen but not location alone, one might expect there to be no medial temporal activity associated with the encoding of the featureless environment. However, the Parkinson et al. (1988) and Angeli et al. (1993) reports of deªcits in hippocampectomised monkeys in both place-only and object-in-place spatial delayed responses suggest that the medial temporal region may be implicated in the spatial representation irrespective of the presence of objects. Hermer and Spelke (1994) found that young children reorient themselves in accord with geometric or shape information from the environment, and O'Keefe and Burgess (1996) report evidence of geometric determinants of hippocampal place ªelds in rats. Thus activity in the medial temporal region associated with the encoding of the plain environment in Experiment 2 might be expected.
We examined the encoding of the two environments in separate experiments using naive subjects for each, taking behavioral measures post-scanning (way-ªnding performance within the virtual environments) and during PET scanning using rCBF as an index of change in local neuronal activity. Separate groups of subjects were used for the two experiments because of the signiªcant probability of interference and cross-cueing between the two environments if they were presented to the same subjects in one scanning session. Because of the complexity of virtual reality environments, the design of suitable baseline or control tasks is particularly difªcult. The baseline tasks employed in the present study were designed to control for basic eye movements and motor (joystick) activity. It was also intended that comparison of the experimental tasks with the low-level baseline tasks would facilitate examination of the distributed network of regions necessary for task performance. Contrasting the main task comparisons in the two studies would then enable more speciªc inferences about the neural substrates of the varying element between the two experiments (i.e., the presence or absence of objects).
RESULTS

Experiment 1-Environment with Objects
Subjects controlled their movement within the virtual environment with a joystick. There were two conditions. In the ªrst condition subjects had to explore and memorize an environment containing objects (one per room) and varied textures and were told that they would be tested on their ability to ªnd the objects. In the second (control) condition, the screen was ªlled with successive images similar to the textures from the environment. Some of these images remained stationary, and others moved either to the left or the right. Subjects were instructed to move the joystick forward if the image was stationary, left if it was moving left, or right if it was moving right. Five subjects participated in Experiment 1. The two tasks were each replicated six times. The order of tasks was alternated within subjects and the starting condition was alternated between subjects. Each task replication lasted 100 sec (encompassing the 90-sec duration of scanning acquisition). Figure 1a depicts the ground plan of the environment with the ªve differently shaped areas and their associated object locations (Figures 1b and c are described under "methods"). The average number of areas visited during each scan of the environment exploration condition was 4.77 (SD 0.48) . Across the six scans of the environment condition, the number of object-containing areas visited remained relatively constant (range 4.6-5, SD range 0.89-1.14). Subjects' reports of exploration strategies reveal that they did not visit every object during every scan but restricted exploration to those areas that they were most unsure of or those not yet visited. Post hoc examination of the 30 scans (5 subjects times 6 environment scans) of the environment condition showed that subjects employed both systematic left or right turning (13 scans) and less-constrained (17 scans) strategies during exploration. Two subjects used predominantly left/right exploration, and three subjects employed free exploration strategies. Post-scan testing of the ability to way-ªnd in the environment revealed three subjects to be performing at ceiling level, one just below ceiling, and one to be performing at chance level. In this latter case, the subject used left/right exploration during every scan, although another subject who used the same strategy in ªve of the six scans performed at ceiling. Finally, subjects had to sketch a map of the environment; in all cases sketch maps were inclusive for objects and accurate for object locations within each area of the environment. Four of the ªve sketch maps also accurately represented the spatial relationships between the object-containing rooms. The sketch map of the subject who performed at chance on the post-scan way-ªnding task less accurately depicted the spatial relationships between areas.
Behavioral Data
PET Data
Initially a descriptive data-led eigenimage analysis was performed to characterize the rCBF changes in terms of distributed brain systems (Friston, 1994) . The principal eigenvector for the analysis of Experiment 1 is presented in Figure 2 . The eigenvector clearly shows positive loading on scans corresponding to exploration of the environment and negative loading on those scans corresponding to random texture/color images. The former correlates with changes in activity in occipital and occipito-temporal regions and also includes the posterior temporal regions. The ªrst eigenvector accounts for 69.1% of the variance in the data and clearly reºects that experimental manipulation by the tasks is the main contributor to that variance.
Areas of signiªcant change in brain activity were determined using appropriately weighted contrasts between the task-speciªc conditions and the t statistic . The rCBF increases associated with the principal task comparisons are reported in Table 1 (part 1) and areas of peak activations are superimposed onto template MRI scans in Figure 3 . Comparison of the activity during exploration of the environment with random color/texture images revealed bilateral activity in prestriate regions, bilateral occipito-temporal areas, the cerebellum, and the precuneus. Notably, there was also signiªcant activation of the right parahippocampal gyrus in this comparison. The reverse contrasts showed deactivation bilaterally in the superior temporal gyrus (peak: −52, −10, 8, Z = 9.99).
A correlation analysis with scan serial position as the correlate showed that activity signiªcantly increased across the scans of the environment task in the cingulate cortex (−14, 2, 48, Z = 4.25) and decreased in the right supramarginal gyrus (54, −50, 32, Z = 5.78). Analysis of the scans across subjects dependent on exploration strategy employed showed that free exploration compared to systematic left/right strategy was associated with signiªcant rCBF change in the cingulate cortex (18, −26, 28, Z = 4.66). The converse comparison showed rCBF change in the right middle frontal gyrus (44, 16, 44, Z = 4.63).
Experiment 2-Empty Environment
Six naive subjects participated in the second experiment. The three experimental conditions were (1) explore and memorize an empty and plain environment, (2) explore a featureless large open room (control 1), and (3) move the joystick to keep random colors changing on the screen (control 2). The three tasks were each replicated four times. The order of the tasks was counterbalanced within and between subjects. Each task replication lasted 100 sec (encompassing the 90-sec duration of scanning acquisition). Figure 4a depicts the ground plan of the environment with the ªve differently shaped rooms ( Figure 4b is described under "Methods"). The average number of different rooms visited during each scan of the environment exploration condition was 5.54 (SD 1.32). Therefore, on average, subjects visited all of the areas of the environment in their exploration during a scan.
Behavioral Data
Across the four scans of the environment condition, there was an increase in the number of areas visited with repeated exposure: scan one 4.5 (SD 1.05), scan two 5.5 (SD 1.05), scan three 5.83 (SD 1.83), and scan four 6.33 (2.07). Notably, during scans three and four of this condition, the variance increased. Subjects' reports of exploration strategies reveal why this is the case-during later scans some subjects reported restricting exploration to only those areas that they were most unsure of, whereas others reported exploring the complete environment several times during later scans. Examination of the 24 scans (6 subjects times 4 nonlandmark environment scans) of the environment condition showed that there were only three instances when subjects (all different) employed a left/right strategy in exploration (i.e., just kept going systematically left or right at every turn in the environment). Post-scan testing of ability to way-ªnd in the environment showed that three subjects performed at ceiling level, one just below ceiling, and two at chance level. In these latter two subjects, there were no identiªable features in their exploration strategies or numbers of rooms visited during scanning to account for their poor post-scan performance.
PET Data
As in the ªrst experiment, a descriptive data-led eigenimage analysis was initially performed to characterize the rCBF changes in terms of distributed brain systems (Friston, 1994) . The principal eigenvector is presented on Figure 5 . It clearly shows positive loading on scans corresponding to exploration of the environment and negative loading on those scans corresponding to random screen color changes. This correlated with changes in activity in occipital and occipito-temporal regions for environment exploration. This distributed neural system contrasts particularly with the other explore condition, exploration of the large open room, which did not load signiªcantly in either direction. The ªrst eigenvector accounts for 77% of the variance in the data and clearly reºects that experimental manipulation by the tasks is the main contributor to that variance. The rCBF increases associated with the principal task comparisons are reported in Table 1 (parts 2a and 2b) and areas of peak activations are superimposed onto a template MRI scans in Figure 6 . Comparison of the activity during exploration of the environment with exploration of the large open room showed bilateral activity in prestriate regions, bilateral occipito-temporal areas, the cerebellum, and the precuneus (Figure 6a ). The comparison of the activity during exploration of the environment with random color changes showed a very similar pattern of rCBF changes involving the same regions (Figure 6b ). The reverse contrasts were also performed to indicate those areas in which there was a decrease in blood ºow during the exploration of the environment. This showed deactivation bilaterally in frontal areas (peak: −40, 20, 4, Z = 8.36) and the superior temporal gyrus (peak: 54, −44, 8, Z = 6.29).
Data were examined to assess any modulation of activity across the scans of the explore the environment condition. The only area in which activity signiªcantly changed with repetition of the environment task was the right lateral middle temporal gyrus, where activity decreased (50, −48, 4, Z = 4.14). The principal task comparisons were also performed on two subgroups of subjects, those who performed at ceiling on the postscan way-ªnding task (n = 3) and those who performed with errors (n = 3). No signiªcant differences between the two groups emerged.
Comparison of the Two Experiments
The principal task comparisons in both experimental analyses were compared to ascertain areas of differential activation, that is, [explore the (objects) environment − random color/texture images] − [explore the (empty) environment − random colors]. the main ªndings from this comparison, which showed that prestriate areas, cerebellum, precuneus, precentral gyrus, and the right parahippocampal gyrus were differentially active during the task pair subtraction of Experiment 1 compared to that of Experiment 2. The main effects from each experimental analysis were also compared to identify areas of common activation between the two pairwise comparisons, and peak ªndings are shown on Table 2 (part b). Prestriate areas, the cuneus, fusiform gyrus, precuneus, and occipito-temporal gyrus were signiªcantly active during the main task comparisons in both experiments. In summary, there were several brain regions that were signiªcantly activated in both experiments, some differentially in Experiment 1. However, the right parahippocampal gyrus was not an area of common activity across experiments but emerged as active in Experiment 1.
DISCUSSION
The principal ªnding of this study is that exploration of an environment containing salient objects and textures was associated with activity in the right parahippocampal gyrus, whereas exploration of an empty featureless environment activated a network of bilateral occipital, medial parietal, and occipito-temporal regions similar to the environment with objects but did not activate the medial temporal area. We discuss ªrst those areas commonly activated in both the environment tasks and then those regions of signiªcant rCBF that differed between the two experiments.
rCBF Changes Common to Both Environment Tasks
The ªndings conªrm that both environments were broadly comparable in the network of brain regions required to encode them. Given their complex structure, colors, and textures and the motion (albeit virtual) of subjects through them, the associated occipital activations are consistent with previous neuroimaging studies of the visual system (de Jong, Shipp, Skidmore, Frackowiak, & Zeki, 1994; Shipp, Watson, Frackowiak, & Zeki, 1995; Zeki et al. 1991) . Bilateral activations in the ventral occipital cortex have also been reported during the viewing of 3-D nonsense objects (Martin et al., 1995) and left middle occipital cortex activation with viewing 3-D objects (Malach et al., 1995; Price et al., 1996) . Occipitotemporal and fusiform activations are reported for object identiªcation also (Haxby et al., 1991; Sergent et al., 1992) . Our prediction of activation of the ventral object vision pathway (Mishkin et al., 1983 ) associated with object identiªcation in Experiment 1 is conªrmed. It is interesting that the encoding of the featureless environment also gave rise to signiªcant activity in these regions. Corbetta, Miezin, Dobmeyer, Shulman, & Petersen (1991) showed that focusing attention on the shape of stimuli results in bilateral activation of the fusiform gyri. The ªve areas within the environment without objects were each a different geometric shape. The fact that all subjects reported paying attention to shape may explain the ventral activations.
Increased activity in the medial parietal lobe, the precuneus, is commonly reported in functional imaging memory studies (Buckner, Raichle, Miezin, & Petersen, 1996; Fletcher, Frith, Grasby, et al., 1995; Grasby et al., 1993) . This has been interpreted as being associated with the retrieval of visual imagery in episodic memory. Fletcher, Frith, Baker, et al. (1995) conªrmed this in a study where the recall of imageable word pairs, but not nonimageable word pairs, was associated with signiªcant activation of the precuneus. Two previous functional imaging studies of topographical memory encoding, Ma- guire, , and Aguirre et al. (1996) , report the precuneus as active, as do we in the present study. Activity in this region may relate to the construction of an internal representation of large-scale environments and seems compatible with the role of the precuneus in imagery. Given the exploration inherent in the environment tasks, precuneus activation might also be associated with optical ºow and locomotion as de Jong et al. (1994) report such activations during viewing of simulated forward motion.
While left cerebellar activations have been found with object recognition (Price et al., 1996) , the bilateral cerebellar activity observed in both of the present experiments more readily relates to different rates of motor (joystick) movements in the exploration conditions relative to the control tasks. Signiªcant decreases of rCBF were observed in both experiments in the superior temporal gyrus bilaterally during environment exploration. Many other PET studies of memory and attention report decreases in this region (Grasby et al., 1993; Grasby et al., 1994; Jenkins, Brooks, Nixon, Frackowiak, & Passingham, 1994; Kapur, Friston, Young, Frith, & Frackowiak, 1995; Mellet, Tzourio, Denis, & Mayzoyer, 1995; Moscovitch et al., 1995) . Haxby et al. (1994) suggest that attention to visual stimuli may be associated with the suppression of neural activity in areas processing signals from unattended sensory modalities (e.g., auditory) and so are reºected in blood ºow decreases.
Differences Between the Activations in the Two Experiments
In the two experiments, we have delineated the basic network for the encoding of large-scale space. Efªcacy of the encoding process was conªrmed by the ªnding that most subjects performed accurately on postscan retrieval tasks. In Experiment 1, where subjects explored an environment containing salient objects, the right parahippocampal gyrus was signiªcantly activated. This region was not activated during exploration of the featureless environment. Two previous functional imaging studies of topographical memory, Maguire, Frackowiak, et al. (1996) and Aguirre et al. (1996) , presented environments that included salient objects or landmarks. They too found activation of the parahippocampal gyrus. Our initial prediction of activity in the medial temporal region in Experiment 1 is therefore conªrmed and is in line with the previous imaging work and with human cases of topographical disorientation following damage to the parahippocampal and medial temporal regions (Habib & Sirigu, 1987; Maguire, Burke, et al., 1996) . Surprisingly the medial temporal region was not activated when subjects explored the environment that comprised differently shaped rooms but no salient objects. This does not accord with ªndings in monkeys in which removal of the hippocampal region causes deªcits to the memory for places (Angeli et al., 1993 ; Parkinson et al., 1988) . It would also seem that despite the ªndings of O' Keefe and Burgess (1996) of geometric determinants of place ªelds in the rat hippocampus, shape information from the environment alone does not engage the medial temporal region in humans during exploration even though it was sufªcient to enable wayªnding success in the experiment. In the real world, however, large-scale environments typically contain objects or landmarks. Environments more complex than that of Experiment 2, but with the same lack of environmental features and little variation, are known to be very difªcult to learn effectively (Evans, Fellows, Zorn, & Doty, 1980; Peponis, Zimring, & Choi, 1990) . Therefore, while subjects could learn a simple environment without landmarks, it is likely that this ability would break down under the complexity of real-world environments and that the topographical memory system utilizes object information. Cognitive models of environmental learning commonly describe predictable stages in the development of allocentric representations of large-scale space (Siegal & White, 1975) . Typically, a signiªcant role is ascribed to distinctive features or landmarks as the initial anchor points of topographical memory formation, and there is empirical support for the importance of landmarks in facilitating spatial and route-learning tasks (Allen, Siegal, & Rosinski, 1978; Garling, Book, & Ergenzen, 1982; Presson, 1987; Tlauka & Wilson, 1994) . Evans, Marrero, and Butler (1981) assessed the sketch maps of new residents in an urban area over time as familiarity increased and found that key landmarks were the components of initial sketch maps. Our current ªndings provide evidence that the parahippocampal gyrus provides the neural substrate for landmark/object-in-place encoding within a larger system for topographical learning. The parahippocampal activation cannot be attributed to object processing alone as activity in areas known to be associated with object vision were found in both experiments. Tulving, Markowitsch, Kapur, Habib, and Houle (1994) and Martin et al. (1995) suggest that the right parahippocampal region is involved in novelty encoding. Such an explanation does not ªt with the present data because subjects were familiarized with the landmarks prior to scanning, and the degree of novelty associated with the environment per se was the same in both experiments. The suggestion of Sergent et al. (1992) that the right parahippocampal gyrus is a point of convergence for perceptual information with episodic memory may be correct, but by the same token it does not explain the absence of parahippocampal gyrus activation in Experiment 2 where the same process would have occurred. Finally, given the ªnding of Owen et al. (1995) of right medial temporal activity associated with the encoding of object location but not location alone, on balance it would seem the parahippocampal activity is more likely due to the encoding of object location in large-scale space.
In Experiment 1, rCBF increased in the posterior cingulate cortex during the learning of the environment. Signiªcant change in the same region was also found when the activity during free exploration strategy was compared to systematic left/right exploration. Vogt, Finch & Olson (1992) suggest that the posterior cingulate may contribute to spatial orientation because of its anatomical interposition between parietal regions and the parahippocampal gyrus. They propose that the posterior cingulate may participate in the transformation from a parietal (egocentric) frame of reference to a parahippocampal system based on an allocentric frame of reference. The activation of the precuneus, posterior cingulate, and parahippocampal gyrus during exploration of the environment in Experiment 1 may be evidence of this spatial orientation pathway. This is particularly interesting in the comparison between the exploration strategies employed during encoding-systematic navigation to either the left or the right can clearly be accomplished in a nonallocentric manner. Perhaps the posterior cingulate activity observed only with free exploration is an index of allocentric processing. In this study parahippocampal gyrus activation was on the right. Aguirre et al. (1996) , also using computersimulated environments and fMRI, found unilateral left, right, and bilateral parahippocampal gyrus activation among their subjects. Maguire, Frackowiak, et al. (1996) , using real-world stimuli, found bilateral parahippocampal activity. Differences in laterality may reºect the differential use of disparate strategies in topographic learning, such as verbal strategies. Tlauka and Wilson (1994) found the use of a verbal distractor affected route learning in some instances, and they concluded that there are many different strategies that humans may make use of when learning routes. Hermer and Spelke (1994) also suggest that human adults can use both geometric and nongeometric information to orient themselves. Surprisingly the hippocampus proper was not activated in the present study. Maguire, Frackowiak, et al. (1996) with real-world stimuli observed right hippocampal activity as well as bilateral parahippocampal activations during topographic learning. The question is: How do the real and simulated environments differ and does this relate to hippocampal activity? The stimuli of the Maguire, Frackowiak, et al. real-world study, unlike the present experiments, were passive with no interactive element; subjects watched a ªlm of navigation through a large-scale environment. Their environment was not radially designed or maze-like as in the present study and the Aguirre et al. (1996) study. It comprised two long streets through a town, which crossed over at one central road junction. A further difference is that the real ªlm footage contains a higher density of distinct objects and features than even the virtual environment used in Experiment 1. It may be that differences such as these relate to hippocampal activity. Further studies are needed to examine this. Virtual environments generally lack the vestibular and kinesthetic stimulation available when actually navigating in the real world. However, given that Maguire, Frackowiak, et al. report hippocampus activation with their ªlm task where these sensory inputs are also not present, the absence of hippocampal activity in the two present experiments is unlikely to be solely due to a lack of vestibular inputs.
Conclusions
We used computer-simulated large-scale environments in order to examine more precisely the neural correlates of topographical memory acquisition. We determined that the parahippocampal gyrus is signiªcantly involved in the encoding of an environment within which salient objects are located, a ªnding that accords with their distinct role in cognitive models of environmental learning. A featureless large-scale environment with only area shapes as orienting information, learned equally well, did not engage the medial temporal region. It would seem that it is the encoding of salient objects, and not geometric information, in the representation of large-scale space that is a critical factor in initiating parahippocampal involvement in topographical memory formation in humans.
METHODS
Subjects
Eleven right-handed male volunteers aged between 21 and 37 years participated in the study. None of the subjects had extensive experience with computer games and the associated use of a joystick. Five of the volunteers took part in Experiment 1 and the other six were in Experiment 2. The study involved administration of an effective dose equivalent of 5.0-mSv radioactivity. This was approved by the Administration of Radioactive Substances Advisory Committee (Department of Health, UK) and the local research ethics committee. Subjects gave informed written consent.
Scanning
PET scans were obtained using a Siemens/CPS ECAT EXACT HR+ (model 962) PET scanner. Scanning was performed with septa retracted, in 3-D mode. The ªeld of view of 15.5 cm in the axial extent allowed the whole brain to be studied simultaneously. Volunteers received an H 2
15
O intravenous 330-MBq bolus infused over 20 sec followed by a 20-sec saline ºush through a forearm cannula. The scan protocol included a delay frame of 15-sec to monitor the average radioactivity counts in the scanner. The system allows the activation frame to be automatically triggered, dependent on the physiology of the individual subject. Data were acquired in a 90-sec scan frame. There were 12 successive administrations of H 2 15 O, each separated by 8 min. The integrated radioactivity counts accumulated over the 90-sec acquisition period, corrected for background, were used as an index of regional cerebral blood ºow. Attenuation correction was computed using a transmission scan prior to emission scan acquisition. Images were reconstructed into 128 × 128 pixels in 63 planes with an in-plane resolution of 6.5 mm.
In addition, high-resolution magnetic resonance imaging (MRI) scans were obtained with a 2.0 Tesla Vision system (Siemens GmbH, Erlangen, Germany) using a T1-weighted 3-D gradient echo sequence. The image dimensions were 256 × 256 × 256 voxels. The voxel size was 1 × 1 × 3 mm.
Experimental Tasks
Experiment 1
There were two experimental tasks, each replicated six times. The order of tasks was alternated within subjects, and the starting condition alternated between subjects. The stimuli were presented on a 100-MHz Pentiumbased personal computer, allowing stimuli to be presented at a frame rate of 35 Hz at high resolution. Graphics were displayed on a 17-in. monitor, suspended on a movable gantry above the PET scanning bed with an angle of view of 56°. A commercially available computer game (DOOM II © id Software) was modiªed to construct the virtual reality environment. This presents a color, three-dimensional, fully textured ªrst-person view of the simulated environment. Subjects controlled their movement within the environment with a joystick. Prior to the start of scanning acquisition, subjects explored a practice environment to become familiar with the operation of the joystick and the task requirements. The two conditions were (1) explore the environment and (2) random color/texture images.
Explore the Environment. The simulated environment comprised a central area off which radiated ªve corridors. At the end of each corridor was a room containing one of ªve objects (a ºaming torch, a ªr tree, a candlestick, a burning barrel, and a ªrst-aid kit). There was also an object located in the central area. The rooms had only one exit back into the corridors and each corridor was sufªciently curved to prevent one area from being visible from another. Figure 1a shows an aerial view of the environment. Subjects were never shown this aerial perspective nor were they required to draw sketch maps during memory encoding lest this aerial perspective should affect eye-level naturalistic encoding. Figure 1b shows a subject's view of part of the environment (central area). The corridors and rooms differed in color and texture. Prior to scan acquisition, pictures of the ªve landmarks appeared on the screen for subjects to view. Subjects were instructed to explore the environment, locating the landmarks, and were informed that they would be tested on their knowledge of the environ-ment's layout and object locations (see Figure 1c) . They explored the same environment during each of the six scans of the Explore the Environment condition. (Control) . The baseline condition, included for comparison purposes, engaged some of the visual (textures and colors) and motor components of the explore task. In this condition, the screen was ªlled with successive images similar to the different colored textured walls from the environment. Some of these images stayed stationary; others moved either to the left or the right. Subjects were instructed to move the joystick forward if the image was stationary, left if it was moving left, or right if it was moving right.
Random Color/Texture Images
Post-scan Testing. Once scanning was ªnished and while still in the scanner, subjects were tested on their memory for the recently explored environment. They were instructed to return to various of the objects within the environment. The test continued for 2 min. After scanning, subjects also drew sketch maps of the environment from memory. In addition, they gave feedback on how they had performed the test and strategies employed in exploration during scanning.
Experiment 2
There were three experimental tasks, each replicated four times. The order of the experimental tasks was counterbalanced within and between subjects. The stimulus presentation hardware and software were identical to that used in Experiment 1. Pre-scan practice, timing of tasks, data acquisition, and analyses were also the same. The three experimental conditions were (1) explore the environment, (2) explore a room, (3) and random colors.
Explore the Environment. The simulated environment comprised a central octagonal area, off which radiated ªve corridors. At the end of each corridor was a room, each of the ªve rooms being a different shape. Figure 4a shows an aerial view of the environment. The entrances to the corridors off the central area appeared identical. In all cases the entrance led to some ascending stairs, a short landing, and then some descending stairs into a room. This prevented one area being viewed from another, as did the curves in the corridors in Experiment 1. There was only one exit back into the corridor from each room. The rooms and corridors all had the same colors and textures on their walls, ºoors, and ceilings. Other than the shapes of the rooms, there were no distinctive landmarks present in the environment. Figure 4b shows a subject's view of part of the environment (central octagon). Subjects were instructed to explore the environment and were informed that they would be tested on their knowledge of it. They explored the same environment during each of the four scans of the Explore the Environment condition. For each of the conditions, tasks commenced 10 sec prior to the start of scanning acquisition and continued until the end of the 90-sec acquisition frame.
Explore a Room (Control 1). In this task, subjects were required to explore a large, open, circular room of the same texture and color as those in the larger environment and also without any distinctive features. The optical ºow and visual demands of the task were very similar to exploring the environment. However, in this case there was no exit present and therefore no possibility of constructing a spatial map or learning a route.
Random Colors (Control 2).
A baseline condition was included for comparison purposes that engaged some of the visual and motor components of the explore tasks but without an environmental context. In this condition, the screen changed color after a certain number of left, right, and forward joystick moves. Subjects were instructed to move the joystick to keep the screen changing color.
Post-scan Testing. Once scanning was complete and while still in the scanner, subjects were tested on their memory of the recently explored environment. A shape corresponding to a room shape was indicated on the screen and subjects had to ªnd their way to the room of that shape in the stimulus environment. When leaving that room, another shape appeared and subjects had to proceed to the room of that shape. The test continued for 2 min. Subjects also gave feedback on how they had performed the test and strategies employed in exploration during scanning.
Data Analysis
Images were analyzed using Statistical Parametric Mapping (SPM95-Wellcome Department of Cognitive Neurology, UK) executed in MATLAB (Mathworks Inc. Sherborn MA). This approach combines the general linear model and the theory of Gaussian ªelds to make statistical inferences about regional blood ºow effects (Friston, Frith, Liddle, & Frackowiak, 1991; Friston, Worsley, Frackowiak, Mazziotta, & Evans, 1994; Worsley, Evans, Marrett, & Neelin, 1992) . All scans were automatically realigned to the ªrst scan and then normalized into standard stereotactic space (Talairach & Tournoux, 1988) by matching each scan to a reference or template that already conforms to the standard space, therefore allowing pixel-by-pixel averaging across subjects. The structural MRI scans were normalized into the same space to allow for the superimposition of PET activations onto an averaged structural image. Images were smoothed using an isotropic Gaussian kernel of 16 mm (FWHM) to optimize the signal-to-noise ratio and to adjust for intersubject differences in gyral anatomy. Global variance between conditions was removed using analysis of covariance (ANCOVA). For reach pixel in stereotactic space, condition-speciªc adjusted rCBF values with an associated adjusted error variance were generated. Areas of signiªcant change in brain activity were then determined using appropriately weighted contrasts between the task-speciªc scans and using the t statistic. The resulting set of t values constituted the statistical parametric map (SPM). Signiªcance levels were set at P < 0.05 (corrected for multiple comparisons).
